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A B S T R A C T
Soil surface roughness (SSR), a description of the micro-relief of soils, aﬀects the surface storage capacity of soils,
inﬂuences the threshold ﬂow for wind and water erosion and determines interactions and feedback processes
between the terrestrial and atmospheric systems at a range of scales. Rainfall is an important determinant of SSR
as it can cause the dislocation, reorientation and packing of soil particles and may result in the formation of
physical soil crusts which can, in turn, aﬀect the roughness and hydrological properties of soils. This paper
describes an experiment to investigate the impact of a multi-day rainfall event on the SSR and physical crusting
of very ﬁne soils with low organic matter content, typical of a semi-arid environment. Changes in SSR are
quantiﬁed using geostatistically-derived indicators calculated from semivariogram analysis of high resolution
laser scans of the soil surface captured at a horizontal resolution of 78 μm (0.078 mm) and a vertical resolution
of 12 μm (0.012 mm). Application of 2 mm, 5 mm and 2 mm of rainfall each separated by a 24 h drying period
resulted in soils developing a structural two-layered ‘sieving’ crust characterised by a sandy micro-layer at the
surface overlying a thin seal of ﬁner particles. Analysis of the geostatistics and soil characteristics (e.g. texture,
surface resistance, inﬁltration rate) suggests that at this scale of enquiry, and for low rainfall amounts, both the
vertical and horizontal components of SSR are determined by raindrop impact rather than aggregate breakdown.
This is likely due to the very ﬁne nature of the soils and the low rainfall amounts applied.
1. Introduction
Soil surface roughness (SSR) describes the micro-relief of soils at the
centimetre to decimetre scale (Römkens and Wang, 1986). This micro-
relief aﬀects the susceptibility of soils to erosion by both water (Kirkby,
2002) and wind (Zobeck and Popham, 1997) through its inﬂuence on
inﬁltration (Vidal Vázquez et al., 2006), runoﬀ (Dunkerley, 2004;
Helming et al., 1998), overland ﬂow (Darboux et al., 2001; Smith et al.,
2011), drainage network evolution (Römkens et al., 2001), evaporation
(Allmaras et al., 1977), threshold wind erosion (Chappell et al., 2006)
and the surface storage capacity of both water and loose erodible ma-
terial (Kamphorst et al., 2000; Onstad, 1984). Soil surface roughness
also plays a role in modifying exchanges between the terrestrial and
atmospheric systems (Rodríguez-Caballero et al., 2012) and aﬀects in-
teractions and feedback processes at a range of scales (Cammeraat,
2002; Smith, 2014).
SSR is controlled primarily by the soil's physical and chemical
properties and changes over time in response to both natural and
anthropogenically-enhanced physical (erosion/deposition) and biolo-
gical processes. Römkens and Wang (1986) identiﬁed ﬁve scales of
surface roughness the smallest of which is determined by primary soil
particles (≤mm). The next two scales are driven by the size and or-
ganisation of soil aggregates (mm) and by micro-topography (cm)
caused by clods and surface cracking. The two largest scales identiﬁed
are oriented roughness (dm) caused by agricultural activities and to-
pographic roughness (≥dm) caused by local topography and slope. For
those scales where SSR is controlled by soil factors (up to cm scale), the
surface roughness of soils typically reduces through time in response to
rainfall as the original soil structural units are broken down from
macroaggregates (> 250 μm) to microaggregates (20–250 μm) to pri-
mary soil particles by slaking, diﬀerential swelling, raindrop impacts
and physico-chemical dispersion (Emerson and Greenland, 1990; Le
Bissonais, 1996a, 1996b). The breakdown of aggregates can result in
the formation of physical soil crusts. These crusts typically comprise a
thin layer only a few millimetres thick that is more dense and with
lower porosity than the underlying soil (Assouline, 2004). Known as
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‘seals’ when they are wet and crusts when dry, the presence of clays at
the surface acts to bind particles together (Shainberg, 1992). Physical
crust formation can therefore reduce rates of inﬁltration and splash
erosion, but increase surface runoﬀ and cumulative sediment yield
(Agassi et al., 1985; Bradford and Huang, 1993; Kidron, 2007; Morin
et al., 1989).
Physical soil crusts can be divided in to those formed by raindrop
impact which causes in situ breakdown of aggregates into ﬁne particles
(structural crusts) and those formed by the translocation of ﬁne parti-
cles into (depositional crusts) or away from (erosional crusts) an area
(Shainberg and Letey, 1984; Valentin and Bresson, 1992). Crust for-
mation, and subsequent resistance to erosion, is strongly controlled by
soil texture and structure (Bedaiwy, 2007; Hu et al., 2012). For ex-
ample, Farres (1978) found that soils with large numbers of small ag-
gregates had a greater tendency to structural crust formation than those
with fewer but larger aggregates. Crust formation is also aﬀected by the
amount, temporal distribution and intensity of rainfall (Fan et al., 2008;
Nciizah and Wakindiki, 2014, 2015; Truman et al., 2007). Physical
crust formation typically reduces SSR due to the breakdown of ag-
gregates and although the vertical surface change may only be of the
order of 1–2 mm, these microrelief dynamics can aﬀect soil erosion
processes (Croft et al., 2013; Vermang et al., 2013).
The aim of this research is to determine the impact of rainfall on the
surface roughness characteristics and physical crusting of very ﬁne
soils. It diﬀers from previous research by focusing only on small ag-
gregates (< 1.4 mm) and therefore only considers the three smallest
scales of SSR as identiﬁed by Römkens and Wang (1986). The study
focuses on dryland soils with very low organic content and on how SSR
changes during a multi-day rainfall event typical of a semi-arid region.
The speciﬁc objectives are to quantify changes in SSR and physical crust
strength in response to a multi-day rainfall event, and to investigate
whether soil characteristics, such as soil texture or propensity to dis-
aggregation, can explain these changes.
2. Materials and methods
2.1. Sample characteristics
All the soils used in this study were collected from eastern Australia
and comprised individual particles and ﬁne aggregates < 1.4 mm
diameter (Table 1). Particle-size analysis of the soils was undertaken
using a Beckman Coulter LS280 laser sizer in the range 0.375–1000 μm
with 85 class intervals. This method of quantifying the particle-size
distribution of soils can also lead to the breakdown of soil aggregates.
Previous studies have exploited this and used laser sizing to quantify
aggregate stability. Following the protocols of Mason et al. (2003,
2011) hydrodynamic disaggregation of the soils was quantiﬁed by
circulating the samples in a water suspension for 180 min and analysing
the particle-size distribution every 1 min for the ﬁrst 10 min, every
5 min for the next 30 min and every 10 min thereafter. No sonication
was used before or during the analysis. In a laser sizer, it is not possible
to calculate zero dispersion i.e. no hydrodynamic force applied, and
therefore minimal dispersion (MD), the closest measurement to that of
the dry soil, is deﬁned as the particle-size distribution measured fol-
lowing 1 min of circulation. The particle-size distribution measured
after 180 min of circulation is considered to be mechanically fully-
disaggregated and is referred to as the measure of intermediate dis-
persion (ID). Full disaggregation (FD) which includes sonication and
chemical dispersion was not measured in this paper.
For the analyses in this paper, in addition to using the diﬀerences in
particle-size distribution (clay, silt sand fractions) with minimal and
intermediate dispersion as an indicator of aggregate stability, a single
indicator was adopted for the purposes of statistical analysis. A number
of techniques exist for summarising the aggregate stability of soils using
sieve or pipette analyses (e.g. Amezketa, 1999; Le Bissonais, 1996a) but
the indicator used here is that known as ‘disaggregation reduction’ (DR)
proposed by Rawlins et al. (2013) who speciﬁcally developed it for use
where particle size distribution has been determined using laser in-
struments. Using Rawlins et al. (2013), mean weight diameter (MWD;
μm) between continuous size distributions is calculated by:
∑=
=
MWD x w
i
n
l i
1 (1)
where xi is the mean diameter of each size fraction (μm), and wi is the
volume proportion (expressed as a decimal proportion) of the sample
corresponding to that size fraction. Rawlins et al. (2013) focus on
comparing the particle size distribution following complete dis-
aggregation (FD) to the particle-size distribution of water stable ag-
gregates (ID) and therefore they interpret larger values of disaggrega-
tion reduction to indicate greater hydrodynamic stability. For this
paper, we use the principle of disaggregation reduction to compare MD
Table 1
Locations and characteristics of soil samples. LOI = loss on ignition; Disp. = degree of dispersion; MD = minimal dispersion; ID = intermediate dispersion; DR = disaggregation re-
duction. See text for details. Crusting Index (CI) is calculated for minimally-dispersed soils.
Sample Latitude Longitude Salinity (μS) LOI % Soil type Disp. % Clay % Silt % Sand DR (μm) CI
Diamantina Lakes [c] −23.7622 140.9948 101.2 1.06 Sandy loam MD 6.38 45.19 48.43 1.09
ID 12.21 39.32 48.48 7.75
Diamantina Lakes [s] −23.7676 140.9951 117.2 0.91 Loamy ﬁne sand MD 3.85 19.75 76.41 0.87
ID 12.63 28.96 58.42 12.48
Spoilbank −23.5977 143.2081 38.3 1.66 Sandy loam MD 3.82 31.33 64.85 0.61
ID 24.50 45.38 30.12 34.66
Pimpara Lakes −30.4552 141.7019 117.3 1.04 Loamy ﬁne sand MD 3.42 18.33 78.25 0.76
ID 14.68 31.07 54.25 61.90
Eulo −28.1422 145.0273 24.5 1.11 Sandy loam MD 5.18 36.75 58.08 1.17
ID 11.47 41.85 46.68 10.43
Thargomindah −27.9934 143.8204 23.38 1.01 Silt loam MD 4.94 50.87 44.19 1.28
ID 12.22 44.01 43.77 10.24
Waanaaring −29.7006 144.1450 30.1 1.13 Sandy loam MD 5.43 30.11 64.46 0.82
ID 12.81 31.83 55.35 10.11
Mallee Cliﬀs −34.4763 142.4185 139.3 3.16 Sandy loam MD 7.06 28.65 64.29 0.51
ID 11.60 36.39 52.01 24.89
Tapio Station −34.0074 142.1507 42.3 1.66 Sandy loam MD 7.52 26.45 66.03 0.57
ID 12.25 27.53 60.22 2.87
Tibooburra −29.4291 142.0106 60.7 1.67 Sandy loam MD 2.91 28.35 68.74 0.68
ID 22.64 46.89 30.47 26.62
Lake Millyera −31.0363 139.9842 46,700 1.98 Loam MD 15.71 46.24 38.05 0.21
ID 58.59 39.83 1.58 48.76
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and ID i.e. disaggregation under hydrodynamic forces only. In this case,
smaller values of DR indicate greater hydrodynamic stability.
Soil salinity prior to experimentation was determined using electro-
conductivity (TPS MC-80 pH-mV-Temp Meter; Rayment and Higginson,
1992) and for ten of the eleven soils sampled ranged from 23 to 140 μS
(Table 1). An exceptionally high value of 46,700 μS was obtained for
soils from the shore of Lake Millyera which is a highly saline dry lake
(Greene et al., 2009). Soil organic matter (SOM) was determined using
loss on ignition (Boon et al., 1988). Using these data, the propensity for
crusting was summarised using the FAO (1980) Crusting Index (CI). CI
is calculated using particle size and soil organic matter content by:
= × + ×
+ ×
CI FineSilt CoarseSilt
Clay SOM
(1.5 ) (0.75 )
( 10) (2)
Soils low in clay (%) and in SOM (%) content and high in silt (%)
content are highly prone to sealing and crusting. CI < 0.2 indicates no
crust formation and a value > 2 is considered a critical limit for high
crust formation risk (Moncada et al., 2014). All soils used for these
experiments had a 0.2 < CI < 2 suggesting they develop surface
crusts (Table 1).
Soils were packed into matte black trays 200 × 140 × 50 mm ﬁlled
to the surface and lightly compacted. For each soil, three trays were
prepared one of which was used for pre-rainfall inﬁltration measure-
ments and two of which were subjected to rainfall treatments. Of the
latter, one tray was used for destructive crust penetration resistance
measurements and the other was used for non-destructive measure-
ments (laser proﬁling) and post-rainfall inﬁltration. Trays were
mounted horizontally beneath the rainfall simulator.
2.2. Rainfall treatments
2.2.1. Multiday rainfall event
There are diﬀerences between soil crusts formed during single day
rainfall events and those formed during events where rain falls for short
periods on consecutive or alternate days (e.g. Bradford et al., 1986;
Nciizah and Wakindiki, 2014). Australian Bureau of Meteorology daily
rainfall data (2000–2013 inclusive) for 8 meteorological stations in the
region from which the soil samples were taken indicate that only
20–35% of rainfall occurs as single events (on one day, with no rainfall
on days immediately preceding or following), with the remainder
falling during multi-day events with a modal duration of 2 days and a
mean duration of up to 2.92 days. The mean number of days on which
no rain is recorded between events ranges from 10 to 18 days but can be
as long as 193 days suggesting that soils are typically dry prior to
rainfall i.e. very low antecedent moisture. Most rainfall events occur
during the summer months. Over 76% of rainfall amounts recorded on
any one day are< 6 mm. Taking this in to account, the event simulated
for all soils tested here was a three day event with a single rain shower
of 2 mm on day one, 5 mm on day two and 2 mm on day three, and 24 h
drying period between showers. All rainfall was delivered at an in-
tensity of 60 mm h−1 (Connolly et al., 1998). Between showers, the
soils were dried at 35 °C and 30% humidity to simulate summer con-
ditions in the semi-arid drylands of eastern Australia.
2.2.2. Rainfall simulation
All rainfall experiments were performed using the Griﬃth
University Mobile Rainfall Simulator which is a portable oscillating
spray-type rainfall simulator, similar to that described by Loch et al.
(2001). A rainfall simulator was used because it makes it possible to
control the quantity, intensity and timing of rainfall. The rainfall si-
mulator comprises a water tank with pump and 4× Veejet 80100
nozzles at a height of 2.5 m which sweep across the area of interest at a
predetermined rate. Average drop diameter is 3–4 mm. Kinetic energies
produced by the nozzles were not measured but previous tests using
Veejet 80100 nozzles in a similar type of rainfall simulator have de-
termined values of 29.49 J m−2 mm which is similar to that reported
for natural rain where intensity exceeds 40 mm h−1 (Rosewell, 1986;
Loch et al., 2001) Water ﬂow is continuous through the raindrop noz-
zles and ﬂow not required on the test surface is recycled via catch bins
reducing net water consumption at 60 mm h−1 to approximately 10 l/
min. The wetted area under the rainfall simulator is 2.5 × 1.5 m and
the mean Christiansen Uniformity Coeﬃcient (Christiansen, 1942) is
90.23 ± 1.66 which is well above the minimum acceptable value of
80% (Esteves et al., 2000; Iserloh et al., 2013). Rainfall intensity is
controlled by altering the rate at which the nozzles sweep across the
surface and the wait time at the end of each sweep. To achieve
60 mm h−1 rainfall intensity, the sweep duration is 0.55 s and the wait
time is 3 s.
Brisbane City Council Mains (BCC) water was used for the experi-
ments. This has a similar pH, but higher concentration of salts than
fresh rainwater (Blackburn and McLeod, 1983). Water salinity can af-
fect soil inﬁltration rate and runoﬀ depth and its impact is aﬀected by
soil salinity and texture (Agassi et al., 1994). Salinity in soils decreases
aggregate size and increases soil loss by water erosion (Ghadiri et al.,
2007) but typically leads to more stable ﬁne aggregates than those
formed in less saline conditions (Greene et al., 2006). The electrical
conductivity of BCC water was 420 μS cm−1 which is substantially
higher than natural rainfall inputs recorded in southwest Queensland
where values range from 14.13 ± 5.61 μS cm−1 to
37.98 ± 23.61 μS cm−1 (Biggs, 2006), however experiments focusing
on the impact of salinity on soil strength and crust formation suggest
the quantities of salts in the water used are not high enough to have a
substantial impact on the results obtained here (Kyei-Baﬀour et al.,
2004; Levy et al., 1994).
2.3. Crust measurements
2.3.1. Crust penetration resistance
Soil crust strength was measured using a Geotester pocket penet-
rometer with a 5 mm diameter tip 24 h after each rainfall simulation.
Six measurements of resistance were made after each rain application.
Penetrometry is a destructive test and was the only test performed on
the soil in these trays to avoid aﬀecting the non-destructive measure-
ments.
2.3.2. Inﬁltration
Steady state inﬁltration was determined on dry soils both pre- and
post-rainfall simulation. It was measured using a mini-disk inﬁltrometer
(Decagon Devices Inc., 2007) which allows water to inﬁltrate while
under tension to prevent the ﬁlling of macropores. Suction rate was
varied according to soil type, using higher suction levels for sandy soils
and lower suction levels for clay soils, and inﬁltration rate was de-
termined according to the manufacturer's guidance (Nciizah and
Wakindiki, 2014).
2.4. Soil surface roughness characterization
SSR can be measured using contact techniques (e.g. proﬁle or pin
meters; Garcia Moreno et al., 2010) but these are not ideal if repeat
measurements to examine SSR dynamics are required. Non-contact
techniques can enable measurement of surfaces without aﬀecting the
surface and include laser scanning (Carmi and Berliner, 2008; Huang
and Bradford, 1990, 1992; Vermang et al., 2015a, 2015b) and close-
range digital photogrammetry (Brasington and Smart, 2003). Existing
studies of small-scale SSR using laser scans typically have a horizontal
resolution of ≈1–20 mm and a vertical resolution of 0.02–1 mm (e.g.
Darboux et al., 2001; Carmi and Berliner, 2008; Sun et al., 2009;
Vermang et al., 2013). Given the small-sized aggregates typical of the
soils used here it was considered necessary to capture data at a very
high resolution so laser scanning at< 0.1 mm horizontal and< 0.02
mm vertical resolution was used.
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2.4.1. Laser proﬁling
To obtain high resolution measurements of soil surface roughness
for each sample, the soil surface was scanned using a ScanCONTROL
2900 laser proﬁler mounted on a computer-controlled, motor-driven
traversing frame. The scanner was mounted at a height of 24 cm above
the soil surface and used to scan the soil at a horizontal resolution of
78 μm (0.078 mm) and a vertical resolution of 12 μm (0.012 mm). The
soil surface was scanned before the rainfall, and after each daily rain
application to enable changes in soil microtopography to be de-
termined. Markers were used at the tray edges to ensure that repeat
scans could be aligned and the use of matt black trays reduced errors
associated with reﬂection from the tray edges. Having aligned the
scans, a central area of 80 × 80 mm in the centre of each scan was
extracted for analysis (c. 1.5 million data points). Using data from only
the centre of the tray minimises edge eﬀects and the very high re-
solution makes it possible to identify any small scale impacts of soil
aggregate breakdown that lead to changes in soil surface roughness.
2.4.2. Indices of soil roughness and spatial variability
The laser scan data were post-processed by linear interpolation onto
a 0.078 mm grid using MatLab to produce digital elevation models
(DEMs) of the soil surface before and after each rain application (t = 0;
t = 2; t = 7; t = 9 – where the value represents both the total cumu-
lative rainfall amount (mm) and duration in minutes). On a few occa-
sions the laser beam was sometimes occluded returning no data for a
given point (< 0.01% of scan data). These null data points were re-
turned as “NaN” values and were replaced by an average value calcu-
lated from the surrounding 8 cells. Although our experiments were
conducted in controlled laboratory conditions it proved diﬃcult to
produce a perfectly smooth soil surface yet any slight gradient of the
soil surface has a substantial eﬀect on the scan introducing a slope
trend. Consequently, all the z-data were detrended using a linear model
to remove any large scale oriented roughness which may create bias in
the metrics derived from them. The mean z value for t = 0 was used as
the zero level for all digital elevation plots to make it possible to
compare the surface after each rain application with the initial condi-
tions.
From the DEM data, a number of aspatial and spatially-resolved
indices were used to characterise the soil surface roughness. Aspatial
metrics look at bulk properties of the soil surface and include topo-
graphic range and random roughness. The topographic range (TR) of
each soil scan indicates the diﬀerence in height (mm) between the
lowest and highest detected points in the DEM. The random roughness
(RR), calculated using Eq. (3), is the standard deviation in height after
eliminating oriented roughness such as slope (Allmaras et al., 1966;
Currence and Lovely, 1970).
∑= −=RR n Zi Z
1 ( )
i
k
1
2
(3)
In Eq. (3), Zi is the height reading at location i and k is the number
of height readings (Kuipers, 1957).
More recently researchers have taken the spatial complexity of SSR
in to account using fractal analyses. Variational techniques (e.g. semi-
variogram interpretation, root mean square method) are thought to
provide a better description of SSR than non-variational techniques
(e.g. tortuosity) and have become the most widely used fractal de-
scriptors of soil surfaces (Garcia Moreno et al., 2010; Croft et al., 2013).
In this study, for each scan, a semivariogram was produced to which a
spherical model was ﬁtted according to Eq. (4) (Corwin et al., 2006)
and which was chosen due its known suitability for describing data sets
with high short range variability, linear behaviour close to the origin,
and where an asymptote (sill) is reached at small ranges.
= ⎡
⎣⎢
− ⎛
⎝
⎞
⎠
⎤
⎦⎥
+γ h c h
a
h
a
c( ) 1.5 0.51
3
0
(4)
In Eq. (4) γ is semivariance for a given lag distance h. Model results
were used to determine four key geostatistically-derived indicators;
range (a), spatially-correlated variance (c1), nugget variance (c0) and
total (sill) variance (c0 + c1). Each of these values relates to a curve as
shown in Fig. 1 and each describes an attribute of SSR. The range (a)
indicates the maximum scale of spatial variation in the data (Atkinson
and Tate, 2000) such that larger values of a are associated with larger
scales of spatial patterning; the value reﬂects a change in gradient of the
curve and is read from the abscissa taking the same units. Nugget
variance (c0) is spatially uncorrelated variance due to factors such as
measurement error or model ﬁtting. Sill variance describes the total
amount of spatial variation in the data such that, for the same scale,
more spatially varied surfaces have higher values of c0 + c1.
For the soils tested here, there is a strong relationship between sill
variance and random roughness (Fig. 2, R2 = 0.945, p < 0.001) which
highlights the link between the vertical component of roughness and
the total amount of spatial variation in the data set (Croft et al., 2013).
This should enable any decrease in SSR over time caused by the
breakdown of soil aggregates under raindrop impact to be quantiﬁed
using sill variance (Anderson and Kuhn, 2008; Croft et al., 2009). The
other indicator of aggregate breakdown that can be obtained from the
semivariogram analysis is the range a. An increase in a occurs as ag-
gregates are compacted in to a spatially continuous layer (Croft et al.,
2013). Previous studies have indicated that changes in vertical and
horizontal SSR are caused by aggregate breakdown, which can lead to
physical crust formation. RR provides a quantitative measure of the
vertical component of roughness variation and a provides a quantitative
measure of the horizontal component of roughness variation: conse-
quently if aggregate breakdown is the dominant cause of changes in
SSR then relationships between RR, a and soil characteristics such as
DR and surface resistance might be expected.
Fig. 1. Generalized semivariogram and key features.
Source: Anderson and Kuhn (2008).
Fig. 2. The relationship between random roughness and sill variance for the sample soils.
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3. Results
SSR is visualised using DEMs of the soils before and after rainfall
applications, and quantiﬁed using topographic range (TR) and features
calculated using the empirical semivariograms (Fig. 1). SSR is aﬀected
by raindrop impact, which can cause dislocation and re-orientation of
surface grains in turn leading to surface ponding if a seal forms, and
cracking due to non-uniform shrinkage when the soil dries (Scherer,
1990). All except two of the soils developed superﬁcial cracks after they
had dried following 2 mm of rainfall and all dried with deeper cracks
following a further 5 mm rainfall (indicated by increases in TR;
Table 2). In some cases, the ﬁnal 2 mm application of rainfall caused
some cracks to become less apparent. No ponding occurred on any of
the soils during the 2 mm rainfall applications, but ponding did occur
on all soils during the 5 mm rainfall, with the exception of that from
Tibooburra (Table 2).
Using the nomenclature of Casenave and Valentin (1992), rainfall
on the clay-rich, sand-poor soils from Lake Millyera caused a type 1
structural crust to form, comprising a rough surface made of coalescing
partially slaked aggregates. This type of crust is generally low strength
which is reﬂected in the low values of surface resistance (0.3 kg cm−2)
measured at t = 9 (Table 2). All the other crusts formed in this ex-
periment can be classiﬁed as two-layered structural crusts, char-
acterised by a sandy micro-layer at the surface overlying a thin seal of
ﬁner particles (type 2 of Casenave and Valentin, 1992) (Fig. 3). These
are also known as ‘sieving’ crusts (Rajot et al., 2003) and are typically
of moderate strength and porosity. The thickness of the sandy layer was
not measured, but was best developed on soils from Diamantina Lakes
[s], Pimpara Lakes, Eulo, Wanaaring, Mallee Cliﬀs and Tapio Station
i.e. those with a high proportion of sandID (> 49%). The sandy micro-
layer formed on the soils is not continuous but is patterned.
3.1. Response of SSR and crusting to a multi-day rainfall event
The impact of rainfall on the SSR of the eleven soils is summarised
in Table 2. As all the soils were smoothed and packed prior to the ap-
plication of rainfall, values of TR and RR are lowest for t = 0. For all
soils the application of 2 mm rainfall (t = 2) resulted in a substantial
increase in RR and a decrease in a. These changes reﬂect a change from
large scale patterning (high a) associated with a smooth surface (low
Table 2
Summary of SSR and physical crust indicators for diﬀerent soils. Surface cracking presence (✓) or absence. Time of ponding following start of rainfall is indicated in minutes:seconds.
TR = topographic range, RR = random roughness. Variogram statistics a, c1, c0, c0 + c1 extracted from the ﬁtting of a spherical model to the variogram data for each soil after each
application of rainfall.
Sample Cum.
rfall
(mm)
Cracks Ponding Surface
Resistance
(kg cm−2)
Inﬁltration rate
(mm s−1)
TR (mm) RR Range a
(mm)
Spatially-
correlated
variance c1
Nugget
variance c0
Sill variance
c0 + c1
RMSE
height
(μm)
Diamantina Lakes
[c]
0 0 0.0059 1.253 0.0873 34.318 0.0075 0.0018 0.0093 0.1871
2 ✓ 0.50 5.853 0.3074 3.876 0.0997 0.0010 0.1007 6.0761
7 ✓ 3:00 1.58 9.461 0.2034 8.504 0.0273 0.0124 0.0397 2.2000
9 ✓ 2.30 0.0008 6.104 0.2340 5.780 0.0622 0.0004 0.0626 0.6658
Diamantina Lakes
[s]
0 0 0.1377 2.350 0.1562 28.445 0.0161 0.0072 0.0233 0.6658
2 ✓ 0.47 4.703 0.4225 4.223 0.1754 0.0075 0.1829 6.1114
7 ✓ 2:00 0.78 4.642 0.2481 9.573 0.0601 0.0047 0.0648 1.4074
9 ✓ 0.92 0.0063 4.932 0.3987 5.283 0.1690 0.0016 0.1706 4.2932
Spoilbank 0 0 0.0161 2.932 0.2149 27.739 0.0149 0.0181 0.0330 2.9996
2 ✓ 0.20 9.037 0.5062 3.831 0.2413 0.0179 0.2592 15.6856
7 ✓ 3:00 0.63 14.978 0.8154 7.479 1.0564 0.0391 1.0955 58.1594
9 ✓ 1.00 0.0022 14.900 0.9338 5.755 1.1062 0.00004 1.1062 30.2121
Pimpara Lakes 0 0 0.0178 1.868 0.1893 43.692 0.0684 0.0000 0.0684 2.7000
2 ✓ 0.40 5.123 0.4091 4.674 0.1576 0.0117 0.1693 2.2000
7 ✓ 4:30 0.68 6.499 0.4146 6.376 0.1991 0.0000 0.1991 10.900
9 ✓ 1.12 0.0067 5.221 0.4660 5.181 0.2276 0.0066 0.2342 10.800
Eulo 0 0 0.0235 2.217 0.1503 51.431 0.0409 0.0000 0.0409 0.6829
2 0.45 5.037 0.3399 4.204 0.1195 0.0035 0.1230 5.4988
7 ✓ 3:30 1.07 5.958 0.1959 20.327 0.0144 0.0164 0.0308 2.2094
9 ✓ 2.15 0.0042 6.185 0.2572 10.246 0.0432 0.0166 0.0598 4.7273
Thargomindah 0 0 0.0435 1.873 0.1340 39.022 0.0242 0.0021 0.0263 0.2984
2 ✓ 0.38 3.773 0.3172 4.265 0.1023 0.0019 0.1042 4.8014
7 ✓ 3:45 1.07 6.037 0.2371 17.805 0.0111 0.0279 0.0390 4.5166
9 ✓ 2.00 0.0042 3.852 0.2149 6.433 0.0442 0.0030 0.0472 2.5010
Waanaaring 0 0 0.0123 1.530 0.0933 32.147 0.0091 0.0014 0.0105 0.2796
2 ✓ 0.50 3.522 0.3378 4.199 0.1164 0.0042 0.1206 6.1000
7 ✓ 3:30 0.88 7.850 0.2313 17.163 0.0032 0.0320 0.0352 4.2000
9 ✓ 1.70 0.0030 7.987 0.2855 7.864 0.0715 0.0134 0.0849 13.400
Mallee Cliﬀs 0 0 0.0215 1.730 0.0897 11.927 0.0044 0.002 0.0064 0.6041
2 0.37 3.895 0.3106 3.764 0.0947 0.0035 0.0982 2.0636
7 ✓ 3:00 1.07 9.046 0.2915 30.965 −0.0169 0.0615 0.0446 9.8815
9 ✓ 1.83 0.0007 6.760 0.3348 5.812 0.1400 0.0017 0.1417 6.1315
Tapio Station 0 0 0.0357 1.706 0.1928 45.810 0.0653 0.0000 0.0653 1.1000
2 0.69 4.047 0.3678 7.539 0.0933 0.0278 0.1211 12.500
7 ✓ 2:30 0.67 6.422 0.2701 49.045 −0.2317 0.3130 0.0813 3.2000
9 ✓ 0.58 0.0028 4.112 0.2815 11.953 0.0535 0.0183 0.0718 7.6000
Tibooburra 0 0 0.0724 1.853 0.1502 22.309 0.0290 0.0014 0.0304 0.9123
2 ✓ 0 5.455 0.4343 5.830 0.1621 0.0222 0.1843 11.400
7 ✓ 0.02 6.139 0.4987 5.532 0.2628 0.0050 0.2678 11.200
9 ✓ 0.3 0.0043 6.607 0.4874 5.517 0.2534 0.0044 0.2578 10.100
Lake Millyera 0 0 No data 3.743 0.3373 35.727 0.1291 0.0229 0.152 4.7000
2 ✓ 0.18 7.589 0.6824 16.785 0.1815 0.1789 0.3604 22.100
7 ✓ 3:15 0.07 6.349 0.5331 34.504 0.2409 0.0654 0.3063 15.300
9 ✓ 0.3 No data 6.346 0.5395 29.836 0.1647 0.1124 0.2771 18.400
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RR) to a rough surface with small scale patterning. Further rainfall
(t = 7) leads to a decrease in RR for the majority of the soils as the
surface becomes smoother and less patterned, possibly in response to
surface ponding followed by a slight increase at t = 9 in response to the
ﬁnal 2 mm application of rain (Fig. 4). Three soils behave slightly dif-
ferently (Spoilbank, Pimpara Lakes, Tibooburra) in that RR does not
decrease after the 5 mm rainfall (t = 7) and remains high throughout
the remainder of the experiment. With the exception of Tibooburra
(which remains constant) all soils have a higher a at t = 7 compared
with t = 2 or t = 9 suggesting larger scale patterning after the 5 mm
compared with after the 2 mm rainfall application (Table 2). The extent
of the increase at t = 7 is very variable cross the soils. For Diamantina
Lakes ([c] and [s]), Spoilbank, and Pimpara Lakes the increase in a
is < 6 mm, for all other soils the increase is much higher and in the
range 13–40 mm.
Figs. 5 and 6 illustrate how two of the soils responded to rainfall.
For Tapio Station (Fig. 5), the ﬁrst 2 mm of rainfall caused the devel-
opment of a sieving crust at the soil surface with clear small scale
raindrop patterning visible in the photograph and DEM and char-
acterised by a large decrease in a (from 45.81 to 7.539 mm). The ad-
dition of 5 mm rainfall led to ponding within 2 min 30 s and the surface
became smoother and less patterned (a= 49.045 mm). TR and RR
decreased and a increased after the ﬁnal 2 mm rainfall (t = 9). Typi-
cally the semivariogram curves are smooth with no marked periodicity.
For the Pimpara Lakes soil, the soil surface became rougher after 2 mm
rainfall developing small scale patterns that are visible in the photo-
graph and digital elevation model (Fig. 6). TR and RR increased from
1.868 to 5.123 mm and 0.1893 to 0.4091 respectively (Table 2). The
value of a decreased from 43.69 mm (large scale patterning associated
with a smooth surface) to 4.67 mm which reﬂects small scale
patterning. When the soil was treated with a further 5 mm of rainfall
(t = 7) TR and RR increased further to 6.499 mm and 0.4146 respec-
tively and the scale of spatial patterning increased by ≈2 mm to
a= 6.38. The third and ﬁnal application of rainfall caused a decrease
in TR possibly as a result of particle movement inﬁlling the surface
cracks but RR increased further. The semivariograms for Pimpara Lakes
at t = 7 and t− 9 demonstrate a weak periodicity of the order 10 mm
wavelength.
With the exception of soils from Tapio Station and Lake Millyera,
the physical crust strength of all soils, as measured using penetrometry,
increases with each application of rainfall (Fig. 7). The normalised data
indicate that on average crusts formed at t = 7 are twice as resistant
and crusts present at t = 9 are 3.5 times as resistant as those formed at
t = 2. Inﬁltration rate on the dry, uncrusted soils ranged from 0.0059
to 0.1377 mm s−1 (Table 2). In all cases, the inﬁltration rate decreased
at the end of the 3-day experiment indicating the formation of a phy-
sical crust (Table 2). Inﬁltration on the Pimpara Lakes soils changed the
least, by a factor of 2.6 from 0.0178 mm s−1 to 0.0067 mm s−1 while
the greatest change was observed on soils from Mallee Cliﬀs which
reduced by factor of nearly 30 from 0.0215 mm s−1 to 0.0007 mm s−1.
3.2. Relationships among SSR, soil characteristics and crusting
The relationships between soil properties for diﬀerent cumulative
rainfall amounts are shown in Table 3. For all rainfall treatments there
is a signiﬁcant positive relationship between topographic roughness
(TR) and random roughness (RR) which is to be expected given both
capture aspects of microtopography from the DEMs. The initial range of
values of TR0 is very low (TR0 min 1.235, max 3743) due to the arti-
ﬁcial smoothing of the soil surfaces prior to raindrop impact and
Fig. 3. Soils from Diamantina Lakes [s] (a) dry soil, t = 0; (b) following a multi-day
rainfall event at t = 9. The soil in (b) clearly shows the development of a two-layered
structural crust with a layer of ﬁne sands overlying a thin seal of ﬁner particles.
Fig. 4. Changes in RR with cumulative rainfall normalised to RR at t = 0 for (a) soils
where RR is higher for t = 2 and t = 9 compared with t = 0 and t = 7 and (b) soils
where RR increases or shows minimal change through time. DL = Diamantina Lakes.
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although TR0 and TR2 are signiﬁcantly related to the % of sandID (ne-
gative relationship), siltID and clayID (positive relationships) in the
samples, there is no relationship between TR and any particle size
fraction for t = 7 or t = 9. As the amount of rainfall applied increases,
TR also increases (TR2 3.522–9.037 mm; TR7 4.642–14.978 mm; TR9
3.852–14.9 mm) due to crack formation. Despite the sustained positive
relationship with RR, TR is therefore not considered to be the most
suitable parameter for quantifying overall surface roughness at the
aggregate scale and below for these soils.
For all rainfall treatments there is a signiﬁcant negative relationship
between sandID and RR and a positive relationship between RR and
siltID and clayID, but the positive relationships weaken from t = 2 to 7
to 9 i.e. with increased cumulative rainfall through time. These results
suggest that soils with a higher proportion of silts and clays are rougher
than those containing more sand. DR captures changes due to dis-
aggregation in the whole particle-size distribution of the soil rather
than a single descriptor (such as sand, silt, clay), and for all treatments
there is a signiﬁcant positive relationship between RR and DR. This
suggests that surfaces with more hydrodynamically-stable aggregates
(low DR) are smoother than those with less stable aggregates (high DR).
Whilst this might seem counter-intuitive, the soils with less stable ag-
gregates, which contain higher proportions of silt and clay, will rapidly
develop sieving crusts where the sand fraction at the surface is the main
cause of roughness.
For all rainfall treatments there are negative relationships between
surface resistance and each of RR, DR and clayID. This likely reﬂects the
particle size distribution of the soils. Crusts on soils with relatively high
clay content were extremely thin and whilst the crusts formed, they
Fig. 5. Changes in SSR after consecutive applications of rainfall on soil from Tapio Station as represented by photographs (left), digital surface models (centre) and empirical semi-
variograms (right).
J.E. Bullard et al. Geoderma 313 (2018) 181–192
187
were very weak. Previous research suggests that there should be a po-
sitive relationship between silt and crust strength because the presence
of silts weakens soil structure and aggregates, and results in stronger
crusts (Evans and Buol, 1968; Ramos et al., 2003; Bedaiwy, 2008)
however relationships between these variables were inconsistent in this
study. Overall the crust strength is likely to be determined by the full
particle size distribution of the soils, which aﬀects particle packing, and
by the fact that less hydrodynamically stable (high DR) soils are more
likely to seal rapidly and form a stronger crust.
For all rainfall treatments, there is a signiﬁcant positive relationship
between clayMD and a. For t = 2 and t = 9 (2 mm applications) there is
a signiﬁcant positive relationship between clayID and a, and a sig-
niﬁcant negative relationship between sandID and a (but no relation-
ships for t = 7). This suggests the more clay in the soil, the larger the
pattern scale (smoother the surface); more sand is associated with
smaller scale patterning. The surface sands in the sieving crusts created
here are highly patterned (Fig. 3) for t = 2 and t− 9. For some soils,
such as Pimpara Lakes (Fig. 6), the small scale patterning is retained
even during the larger rainfall application (t = 7) but for others, such
as Tapio Station (Fig. 5) the pattern scale increases (smooths) at t = 7
probably as a result of lateral movements of grains over short distances
during ponding.
There is no relationship between dry soil inﬁltration rates (Inf0) and
any other variable. However at the end of the experiment, soils with
higher clay content (clayMD) had lower rates of inﬁltration than those
with a higher sand content (sandMD). Previous research has found that
there is a relationship between aggregate stability (DR) and organic
matter content (LOI%) even for soils with very low organic content (e.g.
Fig. 6. Changes in SSR after consecutive applications of rainfall on soil from Pimpara Lakes as represented by photographs (left), digital surface models (centre) and empirical semi-
variograms (right).
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1–2% REFS) but that is not supported by this study, possibly due to the
very ﬁne nature of the aggregates. There is no signiﬁcant relationship
between salinity and DR. The statistical analysis excludes the soil from
Lake Millyera which has extremely high salinity (46,700 μS). Other
descriptors for Lake Millyera are of the same order of magnitude as
other soils in the data set which suggests that in this instance, the high
salinity is not leading to substantially diﬀerent behaviour compared
with less saline soils.
4. Discussion
In accordance with previous studies, physical crust strength has
been found to increase with cumulative rainfall (Fan et al., 2008; Feng
et al., 2013; Freebairn et al., 1991; Nciizah and Wakindiki, 2014).
However, some of the relationships between rainfall and SSR de-
termined here diﬀer from those identiﬁed in other research. Studies
examining the impact of rainfall on soil surface roughness for coarser
soil aggregates (typically> 2 mm) and at a lower spatial resolution
than used here, suggest that with increased rainfall, values of TR in-
crease and RR decrease (Jester and Klik, 2005; Carmi and Berliner,
2008; Vermang et al., 2015a, 2015b; Anderson and Kuhn, 2008; Croft
et al., 2009). In this study, TR for all rainfall treatments is higher than
for dry soils, but there is no systematic increase with cumulative rain-
fall. For six of the soils TR is highest at t = 7, for four soils TR is highest
at t = 9. As TR reﬂects the minimum and maximum values on the DEM
it can capture low values associated with the opening up of cracks in the
soil surface. Photographs and DEMs of the soil surfaces suggest that on
some soils the ﬁnal 2 mm of rainfall triggered a widening and dee-
pening of cracks whilst on other soils it caused the cracks to inﬁll with
Fig. 7. Soil surface resistance for all soils with cumulative rainfall from t = 2 to t = 9.
Mean indicates the normalised average change in resistance. DL = Diamantina Lakes.
Table 3
Pearson correlation coeﬃcients (r) between variables for (a) t = 0; (b) t = 2; (c) t = 7; (d) t = 9. Subscript 0, 2, 7, 9 indicates cumulative rainfall after which the variable was measured.
Subscript MD and ID indicate minimal and intermediate dispersion respectively. Bold values of r indicate statistically signiﬁcant at 0.1 probability level (two-tailed), bold* indicates
signiﬁcant at 0.05 probability level (two-tailed). There are no penetrometer (Pen) measurements for t = 0. Inﬁltration rates (Inf) were only measured for t = 0 and t = 9. Correlations for
salinity exclude Lake Millyera.
(a)
t = 0 TR0 RR0 a0 Inf0 DR
TR0 1
RR0 0.8852* 1
a0 0.0263 0.2632 1
Inf0 0.2966 0.1663 −0.2042 1
DR 0.5138 0.5877 −0.0845 −0.1577 1
SandMD −0.3374 −0.2954 −0.1504 0.3750 0.1143
SiltMD 0.3014 0.2463 0.1548 −0.3566 −0.1452
ClayMD 0.4918 0.5474 0.0831 −0.3981 0.1209
SandID −0.8096* −0.7671* 0.0674 0.0504 −0.4987
SiltID 0.6699* 0.5341 −0.2289 −0.1542 0.4160
ClayID 0.8415 0.8702* −0.0174 0.1562 0.5434
LOI% 0.1743 0.0906 −0.6319 −0.1991 0.2063
Salinity −0.1981 −0.2339 −0.4838 0.2180 0.3961
CI −0.1541 −0.2148 0.4328 0.0361 −0.2173
(b)
t = 2 TR2 RR2 a2 Pen2
TR2 1
RR2 0.7371* 1
a2 0.3702 0.8135* 1
Pen2 −0.5552 −0.5584 −0.6574* 1
DR 0.5046 0.6296* 0.3923 −0.5426
SandMD −0.2259 −0.2639 −0.5617 0.0834
SiltMD 0.2237 0.2173 0.4963 −0.0963
ClayMD 0.1828 0.5078 0.8529* 0.0247
SandID −0.7519* −0.8683* −0.7642* 0.7286*
SiltID 0.7633* 0.6734 0.5018 −0.8366*
ClayID 0.6087* 0.9328* 0.9327* −0.5417*
LOI% 0.0790 0.1569 0.2423 −0.2795
Salinity −0.0764 −0.0549 −0.2392 0.00568
CI 0.0595 −0.2190 −0.3327 −0.0109
(continued on next page)
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detached soil particles. Croft et al. (2013) found that where networks of
cracks form on soil surfaces, these are reﬂected as periodic oscillations
in the semivariogram in which lag distances are related to crack
polygon diameters. Where cracks are larger or not repeated within the
observational area, as is the case for all soils in this study, the semi-
variogram increases along a steady gradient until maximum semivar-
iance is reached. This means at the scale of analysis used here it is not
possible to use the semivariogram to characterise patterns of surface
cracking (microtopographic scale).
The response of SSR to raindrop impact can vary as a function of
scale and rainfall treatment. For example, using experiments with a
rainfall simulator, Huang and Bradford (1992) identiﬁed that the re-
sponse to successive applications of rainfall varied depending on soil
surface conditions and processes acting on the surface such that for
some soils soil roughness increased, and for others it decreased. In cases
where rainfall amount and intensity is insuﬃcient to cause the devel-
opment of erosional features such as rills, RR typically decreases with
rainfall because raindrop impact causes disaggregation and dislodge-
ment of particles. Le Bissonais et al. (1989) found that for< 2 mm
rainfall soil aggregate breakdown occurred without displacement of
particles, 7 mm rain starts to dislodge microaggregates and wash them
in to inter-aggregate spaces in the soil, and the smoothest soil surface
develops when ponding causes individual ﬁne particles at the surface to
inﬁll pores. Unlike most previous studies, for the soils tested here RR is
higher after all applications of rainfall than it is at t = 0, although the
increase is not systematic for all sites (Table 2). This suggests that the
vertical (RR) component of SSR is not primarily controlled by aggregate
breakdown at this scale of inquiry. Croft et al. (2013) suggest that
where aggregates dominate surface roughness, the horizontal
component of SSR (a) has values similar to the aggregate size range and
that as aggregates breakdown, values of a will exceed the maximum
sieved size range. For this study, maximum aggregate size is 1.4 mm.
All values of a for all soils exceed this value, including those for dry
soils. If a is linked to aggregate breakdown then values of a should
initially be associated with aggregate size and then increase as ag-
gregate breakdown takes place. For this study, values of a are nearly all
at a maximum at t = 0, decrease at t = 2, increase at t = 7 (to diﬀerent
extents) and decrease again at t = 9.
The above suggests that for the ﬁne soils with small aggregates
(< 1.4 mm) being tested here, both the vertical (RR) and horizontal (a)
components of SSR are being determined by a surface roughness ele-
ment other than aggregation. Pitmarks on the visible photographs and
spatial patterns on the soil DEMs suggest that raindrop impact is the
most likely driver of SSR. Compared to many previous studies we are
not only focusing on smaller aggregates but, by simulating rainfall
events typical of a semi-arid environment, we are also investigating the
impact of lower total rainfalls and lower intensities of raindrop impact.
Raindrops falling on dry, unconsolidated soils displace sediments both
vertically and laterally. A 3–4 mm diameter raindrop, as delivered by
the rainfall simulator used here, falling on ﬁne sand (150–200 μm
diameter) would be expected to produce a crater 15–20 mm diameter
and 0.7–1 mm deep (below the bed surface) with a raised rim around
the depression (Furbish et al., 2007; Long et al., 2014; Ryźak et al.,
2015). As the rainfall starts to wet the soil surface, the diameter of the
impact craters becomes smaller (Ryźak et al., 2015; Zhang et al., 2015).
Rain impact detachment of soil particles also reduces as a surface seal
forms at the surface (Bradford et al., 1986). This means that although
initial raindrop impact craters are quite large and might be expected to
Table 3 (continued)
(c)
t = 7 TR7 RR7 a7 Pen7
TR7 1
RR7 0.6177* 1
a7 −0.2049 −0.2150 1
Pen7 −0.0307 −0.5328 −0.1523 1
DR 0.1350 0.6331* −0.2176 −0.4137
SandMD −0.0109 0.0722 −0.3397 −0.7671*
SiltMD 0.0315 −0.0773 0.2762 0.7567*
ClayMD −0.1292 −0.0193 0.6742 0.5074
SandID −0.1603 −0.6544* −0.0062 0.0181
SiltID 0.3534 0.6841* −0.1570 0.1988
ClayID −0.0287 0.5327 0.2377 −0.6052*
LOI% 0.2832 0.2632 0.4836 −0.0280
Salinity −0.0699 −0.0949 −0.1493 0.1514
CI −0.0722 −0.1753 −0.6462* 0.3700
(d)
t = 9 TR9 RR9 a9 Pen9 Inf9
TR9 1
RR9 0.8181* 1
a9 −0.1019 0.0960 1
Pen9 −0.0926 −0.5344 −0.4318 1
Inf9 −0.3606 0.0202 −0.1239 −0.3786 1
DR 0.2380 0.5914 0.2871 −0.4353 0.3725
SandMD 0.1128 0.1927 −0.6516* −0.2248 0.5533
SiltMD −0.0975 −0.1974 0.5876 0.2755 −0.5181
ClayMD −0.1860 −0.1109 0.9099* −0.1713 −0.6766*
SandID −0.3319 −0.5468 −0.7234* 0.4882 0.0757
SiltID 0.4820 0.5761 0.4749 −0.2840 −0.2626
ClayID 0.1397 0.4376 0.8854* −0.6085* 0.1497
LOI% 0.1980 0.1994 0.2229 −0.1841 −0.5830
Salinity −0.1977 −0.0170 −0.5623 −0.0246 0.0157
CI −0.0390 −0.1565 −0.2871 0.4429 0.3173
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result in higher values of a, during the rainfall event craters may be-
come smaller as the surface becomes reorganised. Results here suggest
that for most of the soils the value of a calculated from the semivar-
iogram reﬂects raindrop impacts because following the ﬁrst 2 mm ap-
plication of rainfall the spatial patterning described by a has a length
scale in the range 3 to 20 mm, where the low number is typical of
merged or coalescing craters and the larger value is typical of distinct
and discrete raindrop impact craters.
Raindrop splash particle detachment studies show that less energy is
required to detach ﬁne sand particles (100–200 μm) than those which
are coarser or ﬁner than this range (Salles et al., 2000), and that splash
lengths are also longer for ﬁne sands than other sediments (Leguédois
et al., 2005). This suggests silt-rich, less stable aggregates are more
likely to be broken apart by raindrop impact (Fu et al., 2017) and
compacted to create a seal or crust whilst ﬁne sands that are more likely
to be mobilised by rain splash detachment are temporarily entrained
and retained on the soil surface, hence forming the sieving crust. The
soil surface roughness, as measured here, is therefore dynamic and
reﬂects both the nature of the sediments rearranged by the rainfall
event as well as the raindrop impacts. Rajot et al. (2003) suggested that
for soils with< 5% clay the development of a sieving crust in response
to an initially high rainfall amount (> 40 mm with up to 80 mm h−1
intensity) may reduce water erosion but would not reduce wind ero-
sion. This is due to the presence of coarser sand particles on top of the
ﬁne clay-dominated crust that could continue to cause sandblasting by
saltation. The erosivity of the soils after crusting was not tested for this
study, however the reduction in inﬁltration rates and associated
ponding of water at the soil surface suggests the light rain applied is
suﬃcient to aﬀect water erosion processes.
5. Conclusions
The impact of rainfall on the surface roughness characteristics of
very ﬁne soils clearly depends upon the quantity rainfall received and
also rainfall antecedence. Low quantities of rainfall (2 mm) caused an
increase in surface roughness whereas a higher (5 mm) amount of
rainfall resulted in a reduction of soil surface roughness for some soils
due to ponding. If a surface crust had already formed due to antecedent
rainfall, the impact of 2 mm rainfall on soil surface roughness was ty-
pically less than when the rain fell on dry, uncrusted soils (comparing
t = 2 with t = 9). A type 2 structural sieving crust formed on all the
soils examined here and this became stronger (higher surface re-
sistance/strength) and better developed with each subsequent appli-
cation of rainfall over the 3 day experiment. Changes in SSR were
quantiﬁed using high resolution laser proﬁling and semivariogram
statistics. Analysis of the semivariogram statistics and soil character-
istics clearly revealed that both the vertical (RR) and horizontal (a)
components of SSR on very ﬁne soils are primarily controlled by rain-
drop impact rather than soil particle size or aggregate stability.
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